Abstract: Genome-level data can provide researchers with unprecedented precision to examine the causes and genetic consequences of population declines, which can inform conservation management. Here, we present a high-quality, long-read, de novo genome assembly for one of the world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program from 2002 until 2016, at which point a long-term reintroduction program was initiated. The highquality genome assembly was generated to lay the foundation for both comparative genomics studies and the development of population-level genomic tools that will aid conservation and recovery efforts. We illustrate how the quality of this assembly places it amongst the very best avian genomes assembled to date, comparable to intensively studied model systems. We describe the genome architecture in terms of repetitive elements and runs of homozygosity, and we show that compared with more outbred species, the ʻAlalā genome is substantially more homozygous. We also provide annotations for a subset of immunity genes that are likely to be important in conservation management, and we discuss how this genome is currently being used as a roadmap for downstream conservation applications.
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic
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Whole-genome sequencing of threatened and endangered taxa en to transition from a reliance on limited numbers of genetic markers to genome-wide genetic variation [1, 2] . Such genome-level data offer examine the causes and genetic consequences of population declines conservation management (reviewed in [3, 4] ). Moreover, continued dec Alalā population declined rapidly during the twentieth century. Likely causes for the decline include habitat destruction and introductions of avian diseases and ungulates [20, 21] . By 1970, the population was estimated at fewer than 100 individuals, at which point a small-scale conservation-breeding program was initiated. During the 1990s the total number of birds declined to less than 20, and in 1996 the last wild individual to supplement the newly modernized, more intensive breeding program was collected [18] . In 2002 the species became extinct-in-the-wild, but by then the number of birds in the breeding program was increasing (reviewed in [22] ). Today, the
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic i, having existed entirely in captivity from 2002-2016 [18] . All extant individuals are descended from nine genetic founders that established the conservation-breeding program [21, 22] . In 2016, a long-term reintroduction program was initiated in an attempt to establish a self-sustaining population in the wild. Although a detailed pedigree has been established and utilized for captive management, including choosing breeding pairs, the current population exhibits signs of inbreeding depression [18] . For example, the species suffers from low hatching success [22] . Until establishment of the long-read genome assembly described here, molecular genetic studies were limited to small numbers of traditional genetic markers (e.g., microsatellite loci, amplified fragment length polymorphism; AFLP, and mitochondrial DNA markers [23, 24] ). These studies identified extremely low genetic diversity, which suggested that conservation efforts would benefit from a whole-genome approach that could generate resources for assessing the remaining polymorphic regions (e.g., SNPs, and structural variation).
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic ike i ka pono ( Figure S1 , studbook #32). This individual was chosen for genome sequencing because (1) His high inbreeding coefficient (0.25) would allow for simplified genome assembly; and (2) He is a great-grandson of the two genetic founders that constitute approximately 45% of the ancestry in the captive population (i.e., his genome would be a good representation for most birds in the population [22] ). Note that all procedures on live animals were approved by the Institutional Animal Care and Use Committee (IACUC) of San Diego Zoo Global (15-012 and 16-009). Library construction protocol followed the workflow for ultra-large insert libraries [26] . The DNA was sheared to target 50 kb fragments (resulting distribution 30-80 kb) by using a Megaruptor (Diagenode, Denville, NJ, USA), and assessed for quality by pulsed-field gel electrophoresis (PFGE) on the CHEF Mapper system (Bio-Rad, Hercules, CA, USA). A total of 86 µg of DNA were then recovered from the 50 kb shearing condition. Sheared DNA was constructed into SMRTbell templates (PacBio, Menlo Park, CA, USA) by following the >30 kb library construction protocol [26] with minor modifications (e.g., 1× AMPure PB purification (Beckman Coulter, Brea, CA, USA); room temperature rotation instead of vortexing; two-step elution process during AMPure PB elution to maximize recovery). Final SMRTbell library qualities were assessed by PFGE and Pippin Pulse (Sage Science, Beverly, MA, USA) to determine the optimal size-selection cut-off of 20 kb. Size selection was done using the BluePippin system (Sage Science), with targeted exclusion of small fragments (<20 kb) that would otherwise preferentially load during sequencing. Following size selection, the library fragments had a mode size of approximately 30 kb and comprised approximately 8.6 µg of DNA; enough to sequence 133 single-molecule, real-time (SMRT) cells at Pacific Biosciences (PacBio). Sequence data were generated using the PacBio RSII instrument with P6v2 polymerase binding, C4 chemistry kits (P6-C4) and 6 h run time movies, which yielded 9,859,413 reads, totaling 128,622,819,749 bp whole-genome sequence data. The average read length was 13,045 bp (max = 78,477 bp; standard deviation = 8972 bp). Reads less than 500 bp (1.7% of reads; <1% of total bases) were removed. Post-filtering, the N50 subread length was 18,661 bp.
Genome Assembly and Quality
De novo assembly followed the PacBio string graph assembler process, using FALCON and FALCON-Unzip [27] to generate long-range phased haplotypes. During the assembly process, sequence reads were overlapped to form long consensus sequences [6, 27] . These longer reads were used to generate a string graph, and the graph was reduced so that multiple edges formed by heterozygous structural variation were replaced to represent a single haplotype [28] . Primary contigs were formed by using the sequences of non-branching paths, while associated contigs (i.e., haplotigs) represent the sequences of branching paths. The resulting assembly thus represents a phased diploid genome [27, 29] . Primary and secondary genome assemblies are available on GenBank, Accession: QORP00000000. Raw reads are available at https://www.ncbi.nlm.nih.gov/sra/SRP151284.
To assess the quality of the final assembly, we compared the number and length of
Article
A High-Quality, Long-Read De Novo Geno Assembly to Aid Conservation of Hawaii's Remaining Crow Species
Introduction
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā assembly, we generated a de novo repeat library using RepeatModeler v1.0.11 [37] . This software package primarily integrates RECON v1.08 [38] and RepeatScout v1.0.5 [39] to find interspersed repeats. Repeat models with 50% sequence identity over at least half their length to Swiss-Prot entries with known function were removed from the library, and remaining models were assigned to repeat classes by reference to Repbase [40] . Additional, more detailed repeat classification was performed with CENSOR [41] . The
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Whole-genome sequencing of threatened and endangered taxa enable conserva to transition from a reliance on limited numbers of genetic markers toward increas genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedent examine the causes and genetic consequences of population declines and to apply conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the c Alalā assembly, we also analyzed the assemblies of the domestic chicken, Anna's hummingbird zebra finch, hooded crow, and American crow listed above.
Candidate Gene Annotation and Analysis
We focused on annotating particular genes associated with adaptive and innate immunity, as diversity at such genes is predicted to be especially relevant to fitness. Specifically, we were interested in genes of the major histocompatibility complex class II beta (MHC class II B) and toll-like receptor (TLR) genes. To identify candidate immunity genes in the primary
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā assembly, we first performed Blast (tblastn) searches using homologous protein sequences of other bird species as queries, with an e-value cut-off of 1 × 10e -5 . For MHC, queries were obtained from the zebra finch, the currently best annotated passerine genome [43] (Table S1 ). For the more conserved TLRs, the full gene repertoire of the domestic chicken was used (Table S1 ). In the absence of transcriptional evidence, individual
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Alalā exon 2 sequences to the 237 sequences from Eimes et al. [54] , for a total of 244 nucleotide sequences. We then trimmed all sequences to exclude non-PSS codons, translated them, removed duplicate sequences (sequences remaining: 153), and converted the information into a matrix of five physiochemical descriptor variables that reflect the physical and chemical properties of each amino acid [51] [52] [53] : z1 (hydrophobicity), z2 (steric bulk), z3 (polarity), z4 and z5 (electronic effects). Using the matrix of z-descriptors, we performed k-means clustering with the adegenet package in R [58] to reveal clusters of sequences likely to have similar functional properties. We then used discriminant analysis of principle components (DAPC) to describe the clusters [59] .
Runs of Homozygosity
Runs of homozygosity (ROH) are stretches of identical haplotypes that occur across homologous chromosomes within the same individual. The length of ROH segments within an individual's genome depends on whether shared ancestry is recent or ancient; recent inbreeding results in relatively long ROH segments, because recombination has not yet broken up the segments that are identical by descent [60] . As mutations accumulate over time, the ROH segments further break down. We assessed ROH in the e-level data can provide researchers with unprecedented precision to examine the etic consequences of population declines, which can inform conservation re, we present a high-quality, long-read, de novo genome assembly for one of the angered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program 016, at which point a long-term reintroduction program was initiated. The highassembly was generated to lay the foundation for both comparative genomics development of population-level genomic tools that will aid conservation and We illustrate how the quality of this assembly places it amongst the very best avian led to date, comparable to intensively studied model systems. We describe the ure in terms of repetitive elements and runs of homozygosity, and we show that ore outbred species, the ʻAlalā genome is substantially more homozygous. We notations for a subset of immunity genes that are likely to be important in nagement, and we discuss how this genome is currently being used as a roadmap conservation applications. f homozygosity (ROH); inbreeding depression; major histocompatibility complex; ; behavior; SMRT sequencing e sequencing of threatened and endangered taxa enable conservation geneticists a reliance on limited numbers of genetic markers toward increased resolution of etic variation [1, 2] . Such genome-level data offer unprecedented precision to s and genetic consequences of population declines and to apply these results to gement (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā genome for three purposes: (1) To estimate the autozygous fraction of the genome fROH [25] , i.e., the total fraction of the genome that is perfectly autozygous (zero heterozygosity); (2) To evaluate the effect of allowance for low levels of heterozygosity on estimates of whole-genome fROH and ROH segment lengths; and (3) To estimate fROH on a per-contig basis. For comparison to an outbred species, the fROH and ROH segment length analyses were also conducted using an Anna's hummingbird genome that was sequenced and assembled similarly to the 
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Whole-genome sequencing of threatened and endangered taxa enable conservation gen to transition from a reliance on limited numbers of genetic markers toward increased resolu genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented preci Alalā genome assembly [29] . The ROH segment lengths were calculated by summing consecutive sliding windows that met criteria of perfect autozygosity or fell within the one of four heterozygosity thresholds: 1 SNP per 100 kb, 50 kb, 25 kb or 10 kb (i.e., ≤0.01, ≤0.02, ≤0.04, and ≤0.1 SNPs/kb). The fROH was calculated by taking the sum of ROH segment lengths and dividing this number by the cumulative length of all sliding windows. The sliding windows, set to 100 kb, were calculated with vcftools [61] using SNPs called from the primary contigs. Only contigs ≥500 kb were included in this analysis, permitting a minimum of five consecutive sliding windows to assess ROH segment lengths. As sliding window analysis incorporates rounding, the cumulative length of sliding windows exceeds the cumulative length of contigs.
Results

Genome Assembly and Quality
The FALCON assembler generated a 1.06 Gbp primary assembly with a contig N50 of 7,737,654 bp across 671 total contigs ( Table 1 ). The diploid assembly process produced 2082 associated haplotype Genes 2018, 9, 393 6 of 18 contigs (haplotigs) with an estimated length of 0.43 Gb and contig N50 of 455,082 bp ( Table 1) , implying that about 40% of the genome contained sufficient heterozygosity to be phased into haplotypes by FALCON-Unzip. For comparison, the same assembly process suggested that 75% and 100% of the genomes of two more outbred species, zebra finch and Anna's hummingbird, contained sufficient heterozygosity to be phased into haplotypes [29] (Table 1 ). Compared to other published short-read based avian genomes of similar size, the Abstract: Genome-level data can provide researchers with unprecedented precision to examine the causes and genetic consequences of population declines, which can inform conservation management. Here, we present a high-quality, long-read, de novo genome assembly for one of the world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program from 2002 until 2016, at which point a long-term reintroduction program was initiated. The highquality genome assembly was generated to lay the foundation for both comparative genomics studies and the development of population-level genomic tools that will aid conservation and recovery efforts. We illustrate how the quality of this assembly places it amongst the very best avian genomes assembled to date, comparable to intensively studied model systems. We describe the genome architecture in terms of repetitive elements and runs of homozygosity, and we show that compared with more outbred species, the ʻAlalā genome is substantially more homozygous. We also provide annotations for a subset of immunity genes that are likely to be important in conservation management, and we discuss how this genome is currently being used as a roadmap for downstream conservation applications.
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Whole-genome sequencing of threatened and endangered taxa enable co to transition from a reliance on limited numbers of genetic markers toward in genome-wide genetic variation [1, 2] . Such genome-level data offer unprec examine the causes and genetic consequences of population declines and to conservation management (reviewed in [3, 4] Abstract: Genome-level data can provide researchers with unprecedented precision to examine the causes and genetic consequences of population declines, which can inform conservation management. Here, we present a high-quality, long-read, de novo genome assembly for one of the world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program from 2002 until 2016, at which point a long-term reintroduction program was initiated. The highquality genome assembly was generated to lay the foundation for both comparative genomics studies and the development of population-level genomic tools that will aid conservation and recovery efforts. We illustrate how the quality of this assembly places it amongst the very best avian genomes assembled to date, comparable to intensively studied model systems. We describe the genome architecture in terms of repetitive elements and runs of homozygosity, and we show that compared with more outbred species, the ʻAlalā genome is substantially more homozygous. We also provide annotations for a subset of immunity genes that are likely to be important in conservation management, and we discuss how this genome is currently being used as a roadmap for downstream conservation applications.
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic crowSat1', a 14 kb satellite that is suspected to be a major heterochromatin component in the hooded crow [62] . In contrast, extended matches to Swiss-Prot entries [63] , which might indicate co-opted transposable elements [64] 
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā assembly as mobile or repetitive sequence, including 3.3% LINEs (exclusively of the CR1 class), 1.1% LTRs (various endogenous retroviruses), and 4.5% unclassified interspersed repeats. The remaining 1.2% was made up of simple repeats and low complexity sequence, including satellites homologous to crowSat1. This estimate did not change noticeably when using a repeat library expanded with avian and ancestral eukaryotic repeats provided by Repbase. The stand-alone analysis of Tandem Repeats Finder revealed 303,030 tandem repeats with a maximum unit length of 2000 bp, making up 6.9% of the assembly (max. repeat size was 100 kb). This fraction is substantially lower than in the domestic chicken (16.1%), but higher than in the zebra finch (3.7%), Anna's hummingbird (3.1%), the American crow (2.8%), and the hooded crow (1.8%). However, these results might partially reflect differences in assembly completeness and contiguity, which affect repeat identification (e.g., the American crow and hooded crow genome assemblies are short-read based; the Anna's hummingbird genome was generated and assembled using a similar process as for the
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā). When combined, the RepeatMasker and Tandem Repeats Finder estimates suggest that the
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā assembly contains approximately 15% repetitive DNA. Since heterochromatic regions often cannot be assembled reliably, this is likely an underestimate of the true genome repeat content.
Candidate Gene Annotation and Analysis
We identified eleven (including duplicates) TLR genes in the 
Introduction
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā genome (Table S3 ). Sequence and gene structure, which could be reliably assessed with only a single untranslated 5 exon missing from one prediction, were highly conserved with regard to the chicken reference [65] and other birds [66] . All genes were classified as functional based on possessing complete or nearly complete open reading frames. Notable features relative to the reference include the loss of 140 amino acids at the 5 end in TLR1A, a~50 amino acid indel in TLR2B, and a tandem arrangement of two TLR7 copies differing by 16 amino acids. This duplication has previously been observed in other passerine birds [66] [67] [68] [69] [70] and was annotated here as TLR7a and TLR7b.
The Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to Alalā proved to be more complex. We identified seven presumably functional and two ambiguous, but in all likelihood equally functional, genes with open reading frames across all five expected exons in the primary assembly. Additionally, we discovered three genes with incomplete or disrupted reading frames comprising exons 2 and 3 (Table S4) . Most of these genes were located in tandem arrays of 20-40 kb (b-c-d, e-f-g, and h-i-p1). Uniform read coverage, small but detectable differences in flanking regions, and reads spanning multiple genes suggest that these genes represent individual loci, rather than alleles or assembly artifacts. ata can provide researchers with unprecedented precision to examine the nsequences of population declines, which can inform conservation resent a high-quality, long-read, de novo genome assembly for one of the bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only ecies in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program which point a long-term reintroduction program was initiated. The highy was generated to lay the foundation for both comparative genomics ment of population-level genomic tools that will aid conservation and trate how the quality of this assembly places it amongst the very best avian ate, comparable to intensively studied model systems. We describe the erms of repetitive elements and runs of homozygosity, and we show that tbred species, the ʻAlalā genome is substantially more homozygous. We s for a subset of immunity genes that are likely to be important in t, and we discuss how this genome is currently being used as a roadmap tion applications.
zygosity (ROH); inbreeding depression; major histocompatibility complex; ior; SMRT sequencing Alalā MHC class II B genes proved largely conserved compared to the zebra finch reference (sequence identity > 80% at the amino acid level), with the highest variability found in exon 2 as expected. In addition to the three more complete putative pseudogenes above, the assembly also contains a large number of MHC class II B fragments. More than 130 sequences homologous to exon 2, and about 30 homologous of exon 3 (containing the immunoglobulin C1-set domain) were found scattered throughout the primary assembly, usually in the form of tandem arrays of 2-5 copies (Table S5) . According to phylogenetic analysis, six of the functional and ambiguous
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic 
Whole-genome sequencing of threatened and endangered taxa enable conserva to transition from a reliance on limited numbers of genetic markers toward increase genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedente examine the causes and genetic consequences of population declines and to apply conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the c g'-were placed in other locations of the phylogenetic tree, albeit with lower support.
MHC Functional Supertypes
Similarity of the t: Genome-level data can provide researchers with unprecedented precision to examine the and genetic consequences of population declines, which can inform conservation ment. Here, we present a high-quality, long-read, de novo genome assembly for one of the most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only ng native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program 02 until 2016, at which point a long-term reintroduction program was initiated. The highgenome assembly was generated to lay the foundation for both comparative genomics and the development of population-level genomic tools that will aid conservation and efforts. We illustrate how the quality of this assembly places it amongst the very best avian s assembled to date, comparable to intensively studied model systems. We describe the architecture in terms of repetitive elements and runs of homozygosity, and we show that ed with more outbred species, the ʻAlalā genome is substantially more homozygous. We vide annotations for a subset of immunity genes that are likely to be important in ation management, and we discuss how this genome is currently being used as a roadmap nstream conservation applications. ds: runs of homozygosity (ROH); inbreeding depression; major histocompatibility complex; receptors; behavior; SMRT sequencing ction le-genome sequencing of threatened and endangered taxa enable conservation geneticists ion from a reliance on limited numbers of genetic markers toward increased resolution of ide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to the causes and genetic consequences of population declines and to apply these results to tion management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā MHC class II B repertoire in terms of functional antigen-binding properties to three other corvids was assessed on the basis of nine PSS [54] . Focusing on these PSS in 244 nucleotide sequences, we identified 153 unique amino acid variants. From these, we identified eight functional supertypes (Figure 2 ), consistent with [54] . Three of the eight supertypes corresponded to Genes 2018, 9, x; doi: FOR PEER REVIEW CSteiner@sandiegozoo.org (C.C.S.); ORyder@sandiegozoo.org (O.A.R.)
Introduction
Whole-genome sequencing of threatened and endangered taxa enable to transition from a reliance on limited numbers of genetic markers toward genome-wide genetic variation [1, 2] . Such genome-level data offer unp examine the causes and genetic consequences of population declines and conservation management (reviewed in [3, 4] ). Moreover, continued decreas 
Whole-genome sequencing of threatened and endangered taxa enable conser to transition from a reliance on limited numbers of genetic markers toward incre genome-wide genetic variation [1, 2] . Such genome-level data offer unprecede examine the causes and genetic consequences of population declines and to app conservation management (reviewed in [3, 4] evel data can provide researchers with unprecedented precision to examine the c consequences of population declines, which can inform conservation , we present a high-quality, long-read, de novo genome assembly for one of the gered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only ow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program 6, at which point a long-term reintroduction program was initiated. The highembly was generated to lay the foundation for both comparative genomics velopment of population-level genomic tools that will aid conservation and illustrate how the quality of this assembly places it amongst the very best avian to date, comparable to intensively studied model systems. We describe the e in terms of repetitive elements and runs of homozygosity, and we show that re outbred species, the ʻAlalā genome is substantially more homozygous. We tations for a subset of immunity genes that are likely to be important in ement, and we discuss how this genome is currently being used as a roadmap servation applications. omozygosity (ROH); inbreeding depression; major histocompatibility complex; ehavior; SMRT sequencing sequencing of threatened and endangered taxa enable conservation geneticists eliance on limited numbers of genetic markers toward increased resolution of c variation [1, 2] . Such genome-level data offer unprecedented precision to nd genetic consequences of population declines and to apply these results to ment (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā were used (compared to 4-6 individuals for each of the other species included in the supertype analysis). Our purpose in performing this supertype analysis was not to fully characterize the repertoire of MHC class II B diversity or functionality in 4 and Oliver A. Ryder 2
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā, but rather to establish a sense of how similar (or different) these might be compared to related species. The information gained has been used to design primers for targeted-amplicon approaches that are now being used to better assess can provide researchers with unprecedented precision to examine the uences of population declines, which can inform conservation nt a high-quality, long-read, de novo genome assembly for one of the d species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only s in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program h point a long-term reintroduction program was initiated. The highas generated to lay the foundation for both comparative genomics t of population-level genomic tools that will aid conservation and how the quality of this assembly places it amongst the very best avian comparable to intensively studied model systems. We describe the s of repetitive elements and runs of homozygosity, and we show that d species, the ʻAlalā genome is substantially more homozygous. We r a subset of immunity genes that are likely to be important in nd we discuss how this genome is currently being used as a roadmap applications.
sity (ROH); inbreeding depression; major histocompatibility complex; SMRT sequencing g of threatened and endangered taxa enable conservation geneticists n limited numbers of genetic markers toward increased resolution of n [1, 2] . Such genome-level data offer unprecedented precision to ic consequences of population declines and to apply these results to iewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā MHC class II B diversity at the population level. The scatterplot show only the first two discriminant functions (d = 2). The bottom graph displays the barplot of eigenvalues for the discriminant analysis (DA). Dark grey, light grey and white bars indicate eigenvalues that were used in the scatterplot, not used in the scatterplot but retained for the analysis, and not retained for the analysis, respectively. Each allele is represented as a dot, and the supertypes as ellipses.
three discriminant functions (dimensions) were used to describe the relationship between the clusters. The scatterplot show only the first two discriminant functions (d = 2). The bottom graph displays the barplot of eigenvalues for the discriminant analysis (DA). Dark grey, light grey and white bars indicate eigenvalues that were used in the scatterplot, not used in the scatterplot but retained for the analysis, and not retained for the analysis, respectively. Each allele is represented as a dot, and the supertypes as ellipses. me-level data can provide researchers with unprecedented precision to examine the enetic consequences of population declines, which can inform conservation ere, we present a high-quality, long-read, de novo genome assembly for one of the ndangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only ve crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program l 2016, at which point a long-term reintroduction program was initiated. The highe assembly was generated to lay the foundation for both comparative genomics e development of population-level genomic tools that will aid conservation and s. We illustrate how the quality of this assembly places it amongst the very best avian bled to date, comparable to intensively studied model systems. We describe the ecture in terms of repetitive elements and runs of homozygosity, and we show that more outbred species, the ʻAlalā genome is substantially more homozygous. We nnotations for a subset of immunity genes that are likely to be important in anagement, and we discuss how this genome is currently being used as a roadmap conservation applications.
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Whole-genome sequencing of threatened and endangered taxa enable conserva to transition from a reliance on limited numbers of genetic markers toward increase genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedente examine the causes and genetic consequences of population declines and to apply t conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the co Alalā data were established from a single individual, while the other species' data represent 4-6 individuals per species [54] . In the legend: Coma = jungle crow; Coha =
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā; Coco = carrion crow; Cobr = American crow; Numbers in brackets indicate the number of nucleotide sequences included in the analysis. Abstract: Genome-level data can provide researchers with unprecedented precision to examine the causes and genetic consequences of population declines, which can inform conservation management. Here, we present a high-quality, long-read, de novo genome assembly for one of the world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program from 2002 until 2016, at which point a long-term reintroduction program was initiated. The highquality genome assembly was generated to lay the foundation for both comparative genomics studies and the development of population-level genomic tools that will aid conservation and recovery efforts. We illustrate how the quality of this assembly places it amongst the very best avian genomes assembled to date, comparable to intensively studied model systems. We describe the genome architecture in terms of repetitive elements and runs of homozygosity, and we show that compared with more outbred species, the ʻAlalā genome is substantially more homozygous. We also provide annotations for a subset of immunity genes that are likely to be important in conservation management, and we discuss how this genome is currently being used as a roadmap for downstream conservation applications.
Runs of Homozygosity
Introduction
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists to transition from a reliance on limited numbers of genetic markers toward increased resolution of genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented precision to examine the causes and genetic consequences of population declines and to apply these results to conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā genome contigs >500 kb in length (1.02 Gb of sequence data, 96% of the genome). Based on sliding windows intervals of 100 kb, the fraction of the genome that was perfectly autozygous (i.e., fROH) was approximately 5.6% (574 of 10,338 sliding windows were completely homozygous, Table S6 ). Allowing for ROH to include low level heterozygosity resulted in a substantial increase in the number of ROH segments and fROH. For example, with a heterozygosity threshold of ≤1 SNP per 50 kb, the number of sliding windows counted as ROH increased to 2496 and fROH increased to 46.1% (Table S6) . With regard to ROH segment lengths, the ROH tended to be short under the criterion of perfect autozygosity, but increased in length as the allowable heterozygosity threshold was raised. In terms of individual contigs, the proportion of perfectly autozygous ROH relative to all sliding windows was highly variable and ranged from a minimum of 0% to a maximum of 63% (median 2.7%; average 5.7%). For the hummingbird, 1,841,031 SNPs were detected across 283 genome contigs >500 kb in length (0.92 Gb of sequence data, 92% of the genome). The fraction of the genome that was perfectly autozygous was 4.4% (416 of 9373 sliding windows, Table S6 ), fairly similar to that of the Article
Whole-genome sequencing of threatened and endangered taxa en to transition from a reliance on limited numbers of genetic markers to genome-wide genetic variation [1, 2] . Such genome-level data offer Alalā, allowing for low levels of heterozygosity had little impact on the number of ROH segments and fROH. For example, raising the allowable heterozygosity threshold to ≤1 SNP per 50 kb only increased the number of sliding windows counted as ROH to 557 and fROH to 5.9%. The
Alalā's sensitivity to allowing for low-levels of heterozygosity in ROH calculations is explained by a general trend for low genetic diversity across most of its genome, with median and mean values of 0.05 and 0.40 SNP/kb across the 100 kb sliding windows. For comparison, hummingbird median and mean values were 1.93 and 1.96 SNP/kb, which explains why the heterozygosity threshold had little effect on ROH and fROH calculations.
Discussion
Using PacBio SMRT sequencing technology and FALCON assembly, we generated a high-quality, long-read de novo genome assembly for one of the world's most endangered birds. During the assembly process, FALCON stipulates that if overlapping regions differ by ≥5% over extensive distances then the assembler separates the regions into primary and associated (secondary) contigs [29] . By definition, regions of the primary assembly that have corresponding associated contigs identify areas in the genome with relatively high heterozygosity. The genome assembly of a single
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Whole-genome sequencing of threatened and endangered taxa enable conservati to transition from a reliance on limited numbers of genetic markers toward increased genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented examine the causes and genetic consequences of population declines and to apply th conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the co Alalā (studbook #32, Figure S1 ) highlights the genomic signatures of small population size and inbreeding, because the can provide researchers with unprecedented precision to examine the uences of population declines, which can inform conservation nt a high-quality, long-read, de novo genome assembly for one of the d species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only s in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program h point a long-term reintroduction program was initiated. The highas generated to lay the foundation for both comparative genomics t of population-level genomic tools that will aid conservation and how the quality of this assembly places it amongst the very best avian comparable to intensively studied model systems. We describe the s of repetitive elements and runs of homozygosity, and we show that d species, the ʻAlalā genome is substantially more homozygous. We r a subset of immunity genes that are likely to be important in nd we discuss how this genome is currently being used as a roadmap applications.
sity (ROH); inbreeding depression; major histocompatibility complex; SMRT sequencing g of threatened and endangered taxa enable conservation geneticists n limited numbers of genetic markers toward increased resolution of n [1, 2] . Such genome-level data offer unprecedented precision to ic consequences of population declines and to apply these results to iewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā associated contigs corresponded to a substantially smaller proportion of the genome compared to more outbred species.
Candidate Immunity Genes
Toll-like receptors are an integral component of the innate immune system in animals. Recognizing pathogen-associated molecular patterns (PAMPs) at the cell surface, their role consists of activating the organism's inflammatory response through a cascade of intracellular signals. Because variation in TLRs is associated with resistance or susceptibility to infectious diseases, the gene family is especially relevant regarding fitness and inbreeding-related conservation matters. In the Genes 2018, 9, x; doi: FOR PEER REVIEW www.mdpi.com
Introduction
Whole-genome sequencing of threatened and endangered taxa enable conservatio to transition from a reliance on limited numbers of genetic markers toward increased r genome-wide genetic variation [1, 2] . Such genome-level data offer unprecedented examine the causes and genetic consequences of population declines and to apply the conservation management (reviewed in [3, 4] ). Moreover, continued decreases in the costs Alalā, we discovered a full complement of functional TLR genes (Table S3) , with high conservation of gene number, structure, and sequence in comparison to other birds [62] . Although only a single TLR7 copy exists in most other birds with annotated TLR repertoires, including the zebra and house finch, duplicates have been reported in several passerine species [66] [67] [68] [69] 71] , indicating that duplication likely predates the split of the corvid family from other passerines. We did not find evidence that TLR5 was pseudogenized in can provide researchers with unprecedented precision to examine the uences of population declines, which can inform conservation nt a high-quality, long-read, de novo genome assembly for one of the d species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only s in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program h point a long-term reintroduction program was initiated. The highas generated to lay the foundation for both comparative genomics t of population-level genomic tools that will aid conservation and how the quality of this assembly places it amongst the very best avian comparable to intensively studied model systems. We describe the s of repetitive elements and runs of homozygosity, and we show that d species, the ʻAlalā genome is substantially more homozygous. We r a subset of immunity genes that are likely to be important in nd we discuss how this genome is currently being used as a roadmap applications.
sity (ROH); inbreeding depression; major histocompatibility complex; SMRT sequencing g of threatened and endangered taxa enable conservation geneticists n limited numbers of genetic markers toward increased resolution of n [1, 2] . Such genome-level data offer unprecedented precision to ic consequences of population declines and to apply these results to iewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā, as it is in some passerine species [72] . However, as this result is based on a single individual it should be taken with caution. In contrast to TLRs, the MHC, which activates the adaptive branch of the vertebrate immune system, includes some of the most variable genes found in vertebrates. MHC class II B genes, on which we focused in this study, encode proteins that can bind and present a large range of pathogen-derived peptides. Studying MHC diversity, particularly of the peptide-binding domain located on exon 2 (class II histocompatibility antigen B domain), can therefore be highly relevant for the conservation of endangered species. The number of functional MHC class II B genes we identified in the
Whole-genome sequencing of threatened and endangered taxa en to transition from a reliance on limited numbers of genetic markers to genome-wide genetic variation [1, 2] . Such genome-level data offer examine the causes and genetic consequences of population declines conservation management (reviewed in [3, 4] ). Moreover, continued dec Alalā (~7-9; Table S4 ) places it within the range known from other corvids (7-20 alleles per individual were described in the American crow, jungle crow, and carrion crow [54] ). The MHC class II B diversity in the assembly appears to be low, with six out of nine putatively functional genes being almost identical at the amino acid level. Although we cannot completely rule out that some of these genes represent allelic variants of each other, evidence obtained from read coverage and flanking regions suggest that all genes are derived from genuine and separate loci. Several recent episodes of gene duplication may account for the pattern of high similarity, possibly including segmental duplications that gave rise to the observed tandem arrays with relatively high sequence homology up-and downstream of the MHC copies. According to our phylogenetic analysis, these events must have occurred after the divergence of the el data can provide researchers with unprecedented precision to examine the consequences of population declines, which can inform conservation e present a high-quality, long-read, de novo genome assembly for one of the red bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program at which point a long-term reintroduction program was initiated. The highbly was generated to lay the foundation for both comparative genomics lopment of population-level genomic tools that will aid conservation and lustrate how the quality of this assembly places it amongst the very best avian o date, comparable to intensively studied model systems. We describe the n terms of repetitive elements and runs of homozygosity, and we show that outbred species, the ʻAlalā genome is substantially more homozygous. We ions for a subset of immunity genes that are likely to be important in ent, and we discuss how this genome is currently being used as a roadmap rvation applications. ozygosity (ROH); inbreeding depression; major histocompatibility complex; avior; SMRT sequencing uencing of threatened and endangered taxa enable conservation geneticists iance on limited numbers of genetic markers toward increased resolution of variation [1, 2] . Such genome-level data offer unprecedented precision to genetic consequences of population declines and to apply these results to
Alalā from the other represented corvids ( Figure S2 ). Alternatively, the true evolutionary history of the MHC class II B gene family may have become obscured by gene conversion, which can homogenize gene copies within a species, and has been implicated in other birds [73, 74] 
Whole-genome sequencing of threatened and endangered taxa enable conservation geneticists
Abstract: Genome-level data can provide researchers with unprecedented precisio causes and genetic consequences of population declines, which can info management. Here, we present a high-quality, long-read, de novo genome assemb world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian cr remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-b from 2002 until 2016, at which point a long-term reintroduction program was ini quality genome assembly was generated to lay the foundation for both compa studies and the development of population-level genomic tools that will aid c recovery efforts. We illustrate how the quality of this assembly places it amongst th genomes assembled to date, comparable to intensively studied model systems. genome architecture in terms of repetitive elements and runs of homozygosity, a compared with more outbred species, the ʻAlalā genome is substantially more h also provide annotations for a subset of immunity genes that are likely to p1', suggesting at least one evolutionarily recent pseudogenization event. More generally, the large number of putative MHC class II B pseudogenes (Table S5) is consistent with expectations for passerines (e.g., [75] ), and the evolution of a gene family characterized by repeated gene gain and loss. Most of these pseudogenes appeared to be highly fragmented, i.e., homology could only be established over a short length of exon 2 or 3 (150 bp or less). Sequence identity to the functional Coha_MHCIIB_b copy fluctuated widely, ranging from near perfect matches to less than 40% at the amino acid level, suggesting a broad age distribution with regard to the time of pseudogene origin. This might be a reflection of the dynamic evolution of this hyper-variable gene family, which included repeated expansions and contractions over evolutionary timescales [76] . The localization of most fragments on tandem arrays with high sequence homology in adjacent regions (alignment of 20 randomly chosen pseudogenes ±250 bp up-and downstream) also suggests that frequent segmental duplication events contributed to the abundance of MHC class II B pseudogenes. What remains unclear is why most pseudogenes seem limited to fragments of exons 2 or 3, rather than full-length genes including more conserved exons. A few fragments, especially those on shorter contigs, may represent assembly artifacts. Another possibility is that some are functional parts of other genes that originated by exon-shuffling. Further improvements to the assembly and a comprehensive annotation of the entire
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Runs of Homozygosity
If SNPs were evenly distributed across the genome, the SNP encounter rate in 
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Whole-genome sequencing of threatened and endangered taxa enable conservation geneticist to transition from a reliance on limited numbers of genetic markers toward increased resolution o i Amakihi [78] . The contrast between highly variable sliding windows and regions with modest variability suggests that the PacBio assembly pipeline used here is sensitive to calling SNPs across a range of heterozygosities, and that low diversity observed for this genome is not solely an artifact of the assembly pipeline.
The lengths of ROH are an indication of shared ancestry and can be used to gauge whether inbreeding events occurred within recent or distant generations [60] . Recombination events break long autozygous segments into smaller pieces, thus numerous short ROH are consistent with distant shared ancestry. In this nome-level data can provide researchers with unprecedented precision to examine the genetic consequences of population declines, which can inform conservation t. Here, we present a high-quality, long-read, de novo genome assembly for one of the t endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only tive crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program til 2016, at which point a long-term reintroduction program was initiated. The highme assembly was generated to lay the foundation for both comparative genomics the development of population-level genomic tools that will aid conservation and rts. We illustrate how the quality of this assembly places it amongst the very best avian embled to date, comparable to intensively studied model systems. We describe the itecture in terms of repetitive elements and runs of homozygosity, and we show that ith more outbred species, the ʻAlalā genome is substantially more homozygous. We annotations for a subset of immunity genes that are likely to be important in recombination, not mutations, was the dominant force in ROH segment lengths in the hummingbird. This comparison between two species that differ by demographic histories highlights the sensitivity of ROH to patterns of mutations in the genome, along with SNP filtering criteria. Moreover, the rate of sequencing error (related to depth of sequencing and sequencing platform) will also affect the estimations of homozygosity and, correspondingly, the length of ROH segments. Several factors confound comparability of ROH across studies and taxa. These include: Lack of consensus definition for ROH; differences in sequencing platforms and associated sequencing errors; variant-calling pipeline; and computational settings (e.g., [80] [81] [82] ). The ROH estimates in this study are drawn from a single genome with high depth of sequencing. In contrast, measures of ROH can be obtained from high-density SNP arrays by quantifying the length of rows of homozygous SNPs relative to a reference, the results of which are sensitive to SNP chip density, and may miss unmeasured variants between the markers [80, 81] . The density of SNP markers across the genome also impacts what can be reliably detected as a minimum length ROH. For example, in humans, a panel of 3 million SNP markers identified ROH as short as 100 kb, and by applying this denser SNP panel to the Han Chinese population, their estimated total ROH increased from 130 Mb, measured with a 0.4 million SNP panel, to 510 Mb [60] . Comparability of ROH results between species can be further diminished by biological variability in chromosome lengths. Birds, with numerous microchromosomes, are expected to have shorter ROH than mammals, simply because of differences in chromosome lengths. enome-level data can provide researchers with unprecedented precision to examine the d genetic consequences of population declines, which can inform conservation nt. Here, we present a high-quality, long-read, de novo genome assembly for one of the ost endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program until 2016, at which point a long-term reintroduction program was initiated. The highnome assembly was generated to lay the foundation for both comparative genomics d the development of population-level genomic tools that will aid conservation and fforts. We illustrate how the quality of this assembly places it amongst the very best avian ssembled to date, comparable to intensively studied model systems. We describe the chitecture in terms of repetitive elements and runs of homozygosity, and we show that with more outbred species, the ʻAlalā genome is substantially more homozygous. We de annotations for a subset of immunity genes that are likely to be important in on management, and we discuss how this genome is currently being used as a roadmap tream conservation applications.
Applications to
: runs of homozygosity (ROH); inbreeding depression; major histocompatibility complex; ceptors; behavior; SMRT sequencing ion -genome sequencing of threatened and endangered taxa enable conservation geneticists from a reliance on limited numbers of genetic markers toward increased resolution of de genetic variation [1, 2] . Such genome-level data offer unprecedented precision to e causes and genetic consequences of population declines and to apply these results to n management (reviewed in [3, 4] evel data can provide researchers with unprecedented precision to examine the c consequences of population declines, which can inform conservation we present a high-quality, long-read, de novo genome assembly for one of the gered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only ow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program 6, at which point a long-term reintroduction program was initiated. The highembly was generated to lay the foundation for both comparative genomics velopment of population-level genomic tools that will aid conservation and illustrate how the quality of this assembly places it amongst the very best avian to date, comparable to intensively studied model systems. We describe the e in terms of repetitive elements and runs of homozygosity, and we show that re outbred species, the ʻAlalā genome is substantially more homozygous. We ations for a subset of immunity genes that are likely to be important in ement, and we discuss how this genome is currently being used as a roadmap servation applications. omozygosity (ROH); inbreeding depression; major histocompatibility complex; ehavior; SMRT sequencing sequencing of threatened and endangered taxa enable conservation geneticists eliance on limited numbers of genetic markers toward increased resolution of c variation [1, 2] . Such genome-level data offer unprecedented precision to nd genetic consequences of population declines and to apply these results to ment (reviewed in [3, 4] ). Moreover, continued decreases in the costs of genomic Alalā genome assembly resulting from long-read sequencing data provides a high-quality reference genome that will enable downstream comparative, population, and conservation applications. Prior to this study, molecular work using limited genetic markers identified low diversity in the species [23, 24] , and pedigree analysis identified inbreeding effects on hatching success, as well as skewed founder representation [18, 22] . Thus, we identified a need to generate genomic resources, particularly to inform strategic pairings in an effort to slow the rate of inbreeding (and increase the population growth rate) and to preserve remaining genetic diversity in order to maximize the likelihood that the species will be able to adapt to environmental changes. Work is also ongoing to better understand the fitness associations of particular candidate genes; for example whether these, in addition to genome-wide diversity, are linked to hatching success. Similarly, identifying the genetic basis of other fitness-related phenotypes is a critical research goal that could be incorporated with strategic pairings. For example, the California condor (Gymnogyps californianus) has a relatively high frequency of heritable, embryonic lethal dwarfism, and genomics are currently being applied to identify carriers of the disease in an effort to eliminate it from managed populations [83] [84] [85] [86] [87] . Using genomic information, a similar strategy could be applied to managing maladaptive phenotypes in causes and genetic consequences of population declines, which can inform conservation management. Here, we present a high-quality, long-read, de novo genome assembly for one of the world's most endangered bird species, the ʻAlalā (Corvus hawaiiensis; Hawaiian crow). As the only remaining native crow species in Hawaiʻi, the ʻAlalā survived solely in a captive-breeding program from 2002 until 2016, at which point a long-term reintroduction program was initiated. The highquality genome assembly was generated to lay the foundation for both comparative genomics studies and the development of population-level genomic tools that will aid conservation and recovery efforts. We illustrate how the quality of this assembly places it amongst the very best avian genomes assembled to date, comparable to intensively studied model systems. We describe the genome architecture in terms of repetitive elements and runs of homozygosity, and we show that compared with more outbred species, the ʻAlalā genome is substantially more homozygous. We also provide annotations for a subset of immunity genes that are likely to be important in conservation management, and we discuss how this genome is currently being used as a roadmap Alalā populations continue to increase, the integration of genomic data as part of the conservation management effort will help to maximize the genetic health of the species well into the future.
